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Soil Quality Assessment after Weed-Control Tillage
in a No-Till Wheat–Fallow Cropping System
T. A. Kettler,* D. J. Lyon, J. W. Doran, W. L. Powers, and W. W. Stroup
ABSTRACT

retaining crop residue on the soil surface to reduce erosion create an environment favorable for downy brome
because tillage operations are shallow (or eliminated)
and downy brome seeds are not buried deep enough to
prevent seedling emergence. Moldboard plowing is an
effective means of controlling downy brome in a winter
wheat–fallow system (Wicks, 1984). Plowing kills growing downy brome plants and buries seed at depths sufficient to prevent their emergence after germinating.
Seeds at a soil depth of 8 cm or greater generally germinate but do not emerge (Wicks et al., 1971). Most downy
brome seed in soil germinates in the first year, and less
than 2% of the seed remains viable in the soil after
3 yr (Wicks, 1997); however, some studies have shown
seeds to remain viable for up to 5 yr (Morrow and
Stahlman, 1984).
Tillage and cropping system effects on soil chemical
and physical characteristics have been documented in
many long-term studies (Fenster and Peterson, 1979;
Voorhees and Lindstrom, 1984; Wicks et al., 1988; Hill,
1990; Dalal et al., 1991; Karlen et al., 1991; Lyon et al.,
1997). It was observed in these studies that frequent use
of the moldboard plow causes declines in soil organic
C (OC), decreases in soil structure and aggregation,
reductions in water infiltration rates, and increases in
soil erosion by wind and water. In two studies of wheat–
fallow systems in western Nebraska, Doran et al. (1998)
reported surface (0 to 7.5 cm) soil OC declines of 27 and
40% for conventional tillage with a spring moldboard
plow (PL), and 4 and 20% for NT after 11 yr of cropping
following sod breakout. After 27 yr at these same two
sites, surface OC declines were 41 and 48% for PL, and
18 and 21% for NT. However, some OC was redistributed to the depth of plowing due to physical movement
and perhaps due to enhanced root growth. Thus, declines in soil OC in the 0- to 30.5-cm depth after 27 yr
were only 11.7 to 14.4% for PL, and 7.0 to 11.7% for
NT at these same sites.
There is limited information on the effects of infrequent, intermittent, or periodic moldboard plowing or
other inversion tillage used in conjunction with a conservation-tillage or no-tillage management system. In the
sub-humid climate of Michigan, Pierce et al. (1994) studied whether soil properties developed under NT in a
continuous corn cropping system and on a Capac loam
soil (fine-loamy, mixed, mesic Aeric Endoaqualf) were
retained or reestablished after a single moldboard plowing. In the year after plowing, bulk density, total porosity, and microporosity (⬍24 m pore radii) were decreased, while macroporosity (⬎24 m pore radii)

Adoption of reduced-tillage fallow systems in the western USA is
limited by winter annual grass weeds such as downy brome (Bromus
tectorum L.). Moldboard plowing is an effective means of controlling
downy brome in winter wheat (Tritcum aestivum L.)–fallow systems.
The purpose of this study was to assess the influence of plowing and
secondary tillage operations, for the purpose of weed control, on soil
quality attributes of a silt loam soil that had been cropped in a subtill or no-till (NT) winter wheat–fallow system for more than 20 yr.
Compared with undisturbed NT, downy brome populations in plowed
NT decreased 97 and 41% in the first and third crops following tillage,
respectively. Wheat yields in plowed NT treatments were 30 and 9%
greater in the first and third crops following tillage, respectively,
compared with undisturbed NT. Soil quality indicators assessed were
organic C (OC), total N, inorganic N, pH, electrical conductivity, bulk
density, water infiltration rate, and pore-size distribution. Five years
after tillage, soil OC decline in the 0- to 7.5-cm depth was 20% in
plowed compared with undisturbed NT; however, OC increased 15%
in the 7.5- to 15-cm depth and was not different in the 0- to 30-cm
depth. Total soil N followed similar trends. Soil inorganic N in plowed
NT decreased 37%, and soil pH increased 9%, compared with undisturbed NT, at the 0- to 7.5-cm depth. Occasional tillage with the
moldboard plow in a reduced- or no-tillage management system will
help control winter annual grass weeds, while retaining many of the
soil quality benefits of conservation-tillage management.

A

doption of no-till (NT) management systems by
winter wheat producers in Nebraska and other
parts of the western USA is currently limited by winter
annual grasses such as downy brome (Wicks, 1984, 1997;
Lyon and Baltensperger, 1995; Rasmussen, 1995; Wiese
et al., 1995). In Nebraska, winter wheat yields were
depressed 30% by downy brome densities of 11 to
22 plants m⫺2; in Oregon, downy brome densities of
⬍160 plants m⫺2 reduced yields by 40%; and in Idaho,
wheat yields were reduced by up to 40% with 55 to
110 plants m⫺2 (Wicks, 1984). Selective control of downy
brome in winter wheat is difficult since both species
have similar life cycles. Crop rotations with at least 2 yr
between winter wheat crops are proven effective for
downy brome control if plants are kept from producing
seed during the non-wheat periods (Lyon and Baltensperger, 1995). Crop rotation, however, is not practiced
by many producers due to considerations of climate,
machinery, and/or the economics of these management
systems. Conservation-tillage practices that emphasize
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increased in plowed compared with nonplowed no-till
management. Organic C was redistributed in the surface
20 cm by plowing. Four to five years after plowing, most
properties had returned to levels of NT, but levels of
OC and total N in the surface 0 to 5 cm of plowed NT
soils remained 10 to 17% lower than continuous NT.
In the U.S. Central Great Plains, occasional, infrequent moldboard plowing of land under conservationtillage management may effectively control downy
brome infestations in winter wheat–fallow cropping systems. However, its use may negate the soil conservation
benefits, which are accrued by conservation-tillage management over time (e.g., increased surface residue cover
and water infiltration rate, reduced surface runoff, evaporation, and declines in soil OC).
This study assessed (i) the use of the moldboard plow,
followed by secondary tillage operations, as an intermittent tool for downy brome control, and (ii) how this
tool influenced the soil quality and sustainability of notill and sub-till wheat–fallow production systems.
MATERIALS AND METHODS
This experiment was conducted as part of a long-term study
of tillage management effects in a winter wheat–fallow cropping system, which was undertaken in 1969 at the High Plains
Agricultural Laboratory located at Sidney, NE (41⬚N, 103⬚W).
Mean annual precipitation at the site is 440 mm, and mean
annual temperature is 9⬚C. The experimental plots were situated on an Alliance silt loam soil (fine-silty, mixed, superactive, mesic Aridic Argiustoll), formed from mixed loess and
loamy calcareous residuum on top of sandstone. The slope of
the land is ≈ 1%. Two experimental blocks of four replications
each were cropped in alternating years with a wheat–fallow
system. The experimental design was a randomized complete
block with a split-plot treatment design. Tillage treatments
applied to whole-plots were no-till (NT), which entailed no
soil disturbance other than seed planting; sub-till (ST), which
consisted of sweep plowing at a 10-cm depth three times during
the fallow period; and spring moldboard plow (PL) followed
by a field cultivator and rod weeder. Nitrogen rates of 0 (⫺N)
or 45 (⫹N) kg N ha⫺1 were applied to subplots. Nitrogen was
broadcast as ammonium nitrate on growing wheat in April.
Whole plot dimensions were 8.5 by 72.7 m, and subplots were
4.3 by 72.7 m. Complete field management details are in Fenster and Peterson (1979) and Lyon et al. (1998).
In spring of 1991, plots of the experimental block in fallow
(Tillage A) were divided in half by a transect, and the replications were randomly split into moldboard plow (⫹pl) and no
moldboard plow (⫺pl) regions. The ⫹pl regions of the ST
and NT treatments in each replicate were then moldboard
plowed to a 15-cm depth on 8 May, and packed with a mulch
treader on 13 May. Subsequent tillage in the ⫹pl areas included a disking, two chisel treatments, and three treatments
with a rod weeder before planting wheat on 17 September.
After planting, the experimental plots were all returned to
their previous tillage and N management regimes. In the spring
of 1992, the plots of the other experimental block (Tillage B)
were divided in half and either plowed or left untouched in the
same manner as described above for Tillage A. The resulting
experimental design consisted of the original split-plot experiment, with a split-block design superimposed over it. The
split block treatments resulted from the imposition of the
intermittent moldboard plowing (⫹pl and –pl) over the wholeplot tillage treatments of NT and ST. The whole-plot PL treat-

ment did not receive intermittent plowing as a split-block
treatment, because it was already moldboard-plowed annually.
The experimental treatments were analyzed as a [(2 ⫻ 2 ⫹
1) ⫻ 2] factorial design consisting of two whole-plot main
tillage treatments (NT and ST) by two split-block tillage treatments (⫺pl and ⫹pl), plus one whole-plot main tillage treatment with no split-block (PL), all having a split-plot of two
N levels (⫺N and ⫹N). All treatments were considered as
fixed effects. The effect of the experimental location (Tillage
A and B) was also considered a fixed effect, and the effect of
replication within location was considered random. Statistical
analysis for the measured soil parameters of the spring-collected soil samples, as well as for the downy brome plant
density and wheat harvest yield (described below), was done
using an analysis of variance (Table 1) with a mixed-effects
model. Contrasts were made comparing the ⫹pl and ⫺pl treatments of the NT and ST main tillage treatments, both within
and across N treatments, and comparing the ⫹pl and ⫺pl
treatments of the NT and ST with the continuous PL treatment, both within and across N treatment. Procedures that
were followed are described in SAS Inst. (1997) and Littell
et al. (1996).
Downy brome plant density was measured in the spring of
each cropped year. A 1-m square steel frame was randomly
placed in two locations of each plot and the number of individual plants inside the frame recorded. The count for each plot
was calculated as the average of the counts at each location
within the plot. At maturity, wheat was harvested from a 2.4 by
22 m area in the center of each plot with a combine. The total
wet grain mass collected from each plot was weighed and then
subsampled for percent moisture and test weight. Harvest
yield was then calculated to a standard 120 g kg⫺1 moisture
content.
Soil samples were collected in the spring of 1996 and 1997,
5 yr after plowing, on Tillage A and B, respectively. Each
sample consisted of a composite of 12 cores collected with a
2-cm-diam. probe to a 30-cm depth. The 30-cm cores were
divided into increments of 0 to 7.5, 7.5 to 15, and 15 to 30 cm
before compositing. The samples, placed in double plastic bags
and securely tied, were left at ambient temperature during
transport and kept at 5⬚C after arrival at the laboratory in
Lincoln, NE.
Water infiltration rates at Tillage B were measured in the
field on 22 July 1997, 1 wk after wheat harvest. Treatments
selected for infiltration measurements were NT (with [⫹pl]
and without [⫺pl] plowing) and PL (on plots receiving 45 kg
ha⫺1 N fertilizer). Wheel traffic and nontraffic areas were
identified using relative soil resistance to penetration by a
0.3-cm-diam. brass brazing rod. Three locations were chosen
in a nontraffic area of each subplot, ≈ 3 m apart. A 15-cm-diam.
single-ring infiltrometer was installed to a depth of 7.5 cm at
each location, and infiltration times for each of two 2.5-cm
increments of distilled water were recorded. Soil samples were
collected to a 7.5-cm depth within a 30-cm radius outside of
each infiltration ring using a 7.5-cm-diam. aluminum sampling
tube. These soil samples were used to estimate pre-irrigated
water content, bulk density, electrical conductivity, and pH
of the soil at each ring location. Analysis of organic C and N,
and inorganic N were done using procedures described later.
The methodologies for measuring water infiltration rates and
collecting soil samples are described in Sarrantonio et al.
(1996). Since only a subset of the total experimental treatments
were chosen for measuring water infiltration and associated
soil samples, the working experimental design was a randomized block design with three treatments, four replications, and
three sampling units per experimental unit. The statistical
analysis for these measurements was performed using SAS
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for analysis of variance, and T tests for means separation (SAS
Inst., 1997).
All soil samples collected were weighed in the laboratory
to determine total sample mass. Gravimetric water content
was determined, and the bulk density of each sample was
calculated by dividing its oven-dry mass by the sample volume.
Soil NO3⫺ and NH4⫺–N were determined using the Bremner
(1965) method. Soil extracts were analyzed for NO3 and NH4
using the cadmium reduction and indophenol blue procedures
described by Keeney and Nelson (1982).
Soil electrical conductivity (EC) and pH were determined
on a 1:1 water/soil mixture using soil at field moisture content
and distilled water. Electrical conductivity results were adjusted to an exact 1:1 weight basis. Procedures for EC and
pH determinations are detailed in Sarrantonio et al. (1996),
Dahnke and Whitney (1988), and Eckert (1988).
Total soil C and N content were determined with the Dumas
dry combustion technique using an automated Carlo Erba
NA 100 C & N analyzer (CE Elantech, Lakewood, NJ), as
described by Schepers et al. (1989). The inorganic C content
of soil samples with pH values ⬎7.2 (indicating the presence
of carbonates) was determined using gas chromatography. Soil
inorganic C was calculated from the amount of CO2 evolved
from a soil sample of known mass after adding an HCl solution
in a closed vessel. Soil OC contents were calculated by subtracting inorganic C content from total C values.
Soon after wheat harvest in 1996 and 1997, intact soil cores
for determining pore-size distribution (PSD) were collected
(Uhland, 1950; Baer et al., 1992). Sample cores 7.5 cm in diam.
were collected from between-row non-wheel traffic areas at
a depth of 2.5 to 10.2 cm. In 1996, 72 cores were collected
from Tillage A: three soil cores from each fertilizer subplot
within NT, both ⫹pl and ⫺pl, and the PL. No differences in
PSD were detected between the ⫺N and ⫹N treatments in
1996; consequently, the sampling of the ⫺N treatments was
omitted for 1997. Thirty-six cores were collected from Tillage
B: three soil cores from each ⫹N subplot of NT ⫹pl, NT ⫺pl,
and PL. The soil cores were collected in the same nontraffic
area of each subplot as identified in the infiltration measurements described above. In the laboratory, the cores were
placed in pressure cells, then saturated with water from beneath. The cores were desaturated by subjecting to pressures
equivalent to 1, 2.5, 5, 7.5, 10, 12.5, 15, 17.5, 20, 25, 50, 750,
and 100 kPa, and the soil moisture–release effluent was collected and measured. Following the 100-kPa pressure step,
the water content and bulk density of each core was determined, and the soil moisture contents at each pressure step
were calculated relative to saturation (Brooks and Corey,
1964; Baer et al., 1992). The moisture release data was fitted
into the Brooks and Corey (1964)

R ⫽ ( / ᐉ)⫺1

[1]

Where R ⫽ the relative soil water content,  ⫽ the matric
potential, and e ⫽ a matric potential constant for a given soil,
called the air-entry value. The soil PSD index () is determined
by taking the logarithm of both sides of Eq. [1], which yields

log(R) ⫽ log (ᐉ) ⫺ log ()

[2]

where log(e) is the intercept and ⫺ is the slope of the
straight line determined by plotting the log(R) vs. log(). From
these relationships,  was calculated as

 ⫽ ⫺slope

[3]

Table 1. Skeleton anova for {[(2 ⫻ 2) ⫹ 1] ⫻ 2} experimental
treatment design used for intermittent plowing study conducted
on long-term tillage study plots from 1991 to 1997 at Sidney,
NE.
Source†

df

loc
error a (block(loc))

1
6

plow
plow ⫻ loc
error b (plow ⫻ block(loc))

1
1
6

tillage
tillage ⫻ loc
error c (tillage ⫻ block ⫻ loc))

2
2
12

plow ⫻ tillage
plow ⫻ tillage ⫻ loc
error d (plow ⫻ tillage ⫻ block ⫻ loc))

2
2
12

N
N ⫻ tillage
N ⫻ tillage ⫻ loc
error e (N ⫻ tillage ⫻ block(loc))

1
2
3
18

N ⫻ plow
N ⫻ tillage ⫻ plow
N ⫻ tillage ⫻ plow ⫻ loc
error f

1
2
3
18

† Error term in each partition tests treatment effects in that part of the
table.

The PSD index is useful in describing the soil pore-size distribution as a whole. When comparing values of , the larger 
implies a more uniform pore size while the smaller  implies
a wider range of pore sizes (Corey, 1977). The SAS GLM
procedure was used to perform the linear regression and calculate slopes () of the log-transformed water-release data from
each soil core. Statistical analysis and means separation was
conducted in the same manner as described for the water
infiltration measurements, above.

RESULTS AND DISCUSSION
Downy Brome Control and Grain Yield
Moldboard plowing lowered weed densities in NT
management in each of the following three crop years
after tillage. Downy brome densities (Table 2) in the
NT ⫹pl were less than 2 plants m⫺2 in the first crop
after tillage, but increased to yield-limiting levels
(Wicks, 1984) of ⬎35 plants m⫺2 in the second crop,
and ⬎65 plants m⫺2 in the third crop following tillage.
The key to controlling downy brome in winter wheat–
fallow systems has been identified as preventing the
growing plants from producing seed and preventing the
introduction of new seed by seeding waste areas with
perennial grasses such as smooth brome (Bromus inermis Leyss.) and crested wheatgrass [Agropyron desertorum (Fisch. ex Link) Schult.], which suppresses invasion by downy brome (Wicks, 1997). The rapid return
of downy brome infestation was unlikely to be from
seed in the soil brought up by tillage since almost total
control was achieved in the first crop. The cause of
reinfestation was probably due to edge effects: the results
of the tillage treatments’ close proximity to sources of
downy brome seed in adjacent infested areas. Implementing intermittent plowing, or tillage rotation, on a
larger field scale would likely reduce exposure of the
ecosystem to outside sources of downy brome seed and
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Table 2. Downy brome plant density and winter wheat yield at
the Sidney, NE, long-term tillage study for plowed (⫹pl) and
undisturbed (⫺pl) plots 1, 3, and 5 yr after inversion tillage
was used for downy brome control.
Tillage
treatment‡

Downy brome density
⫺pl

⫹pl

Wheat grain yield
⫺pl

SEd§

plants m⫺2
1 yr post-tillage
No-till
Sub-till
Plow
3 yr post-tillage
No-till
Sub-till
Plow
5 yr post-tillage
No-till
Sub-till
Plow

⫹pl

SEd§

Mg ha⫺1

Table 4. Soil bulk density and inorganic N (NO3 ⫹ NH4) of composite samples collected at the Sidney, NE, long-term tillage
study from the plowed (⫹pl) and undisturbed (⫺pl) experimental plots 5 yr after inversion tillage was used for downy
brome control.
Inorganic N (NO3 ⫹ NH4)
Bulk density§ ⫹0 kg N ha⫺1
Tillage treatment‡ ⫺pl ⫹pl SEd¶ ⫺pl

32
4
0

1**
1

4.4

1.0
0.9
1.2

1.3**
1.1**

0.06

68
20
1

38**
10

8.8

2.6
2.5
3.0

2.8*
2.9**

0.08

113
38
1

67**
16†

11.9

1.1
1.0
1.6

1.2†
1.2**

0.07

†, *, ** Contrast of plowed and undisturbed treatment means within main
tillage treatment are significant at the 0.10, 0.05, and 0.01 levels, respectively.
‡ Mean of experimental treatments at both Tillage A and B.
§ Standard error of the difference of the plowed and undisturbed treatment
means within main tillage treatment.

lengthen the duration of downy brome control, thus
making the need for weed-control tillage less frequent.
Reduced weed pressure in the NT ⫹pl treatments were
reflected in greater grain yields (Table 2) in the succeeding three crops, compared with the undisturbed NT.
Grain yields were also greater in the ST ⫹pl treatments
in each of the following three crop years, even though
differences in weed populations between ⫺pl and ⫹pl
were not significant. This difference in yield suggests
additional ecosystem factors such as soil fertility were
affected by plowing.
Table 3. Soil organic C and total N of composite samples collected
at the Sidney, NE, long-term tillage study from the plowed
(⫹pl) and undisturbed (⫺pl) experimental plots 5 yr after inversion tillage was used for downy brome control.
⫹ 0 kg N
Tillage
treatment‡ ⫺pl ⫹pl
ha⫺1

C, Mg
0- to 7.5-cm
depth
No-till 11.4 10.0**
Sub-till 11.0 10.5
Plow
9.2
7.5- to 15cm depth
No-till
9.7 10.6**
Sub-till 10.0 10.5†
Plow
9.9
15- to 30cm depth
No-till 15.2 15.4
Sub-till 14.9 16.7*
Plow
16.1
0- to 30-cm
depth
No-till 36.2 35.9
Sub-till 35.9 37.8†
Plow
35.2

⫹ 45 kg N

⫹ 0 kg N

⫺pl ⫹pl SEd§ ⫺pl
depth⫺1

⫹pl

N, Mg

ha⫺1

⫹ 45 kg N
⫺pl ⫹pl SEd§
depth⫺1

13.7 11.0** 0.3 1.07 0.99** 1.29 1.08** 0.03
11.9 10.7**
1.02 0.98
1.12 1.06*
9.3
0.93
0.98
10.4 12.0** 0.3 0.99 1.07** 1.06 1.18** 0.03
10.2 11.0*
1.01 1.04
1.05 1.11*
9.8
0.99
1.01
16.9 16.6
15.0 15.2
15.9

0.8 1.67 1.70
1.72 1.78
1.80

1.83 1.84
1.70 1.73
1.80

0.07

41.0 39.6
37.1 36.9
35.0

1.0 3.73 3.76
3.74 3.81
3.72

4.17 4.11
3.87 3.91
3.79

0.09

†, *, ** Contrast of plowed and undisturbed treatment means within main
tillage treatment are significant at the 0.10, 0.05, and 0.01 levels, respectively.
‡ Mean of experimental treatments at both Tillage A and B.
§ Standard error of the difference of the plowed and undisturbed treatment
means within main tillage treatment.

Mg
0- to 7.5-cm depth
No-till
1.24
Sub-till
1.27
Plow
1.33
7.5- to 15-cm depth
No-till
1.43
Sub-till
1.44
Plow
1.41
15- to 30-cm depth
No-till
1.37
Sub-till
1.36
Plow
1.37
0- to 30-cm depth
No-till
1.35
Sub-till
1.35
Plow
1.37

⫹pl

m⫺3

⫹45kg N ha⫺1
⫺pl

kg

⫹pl SEd¶

ha⫺1

1.30* 0.03
1.31

3.8
4.6
9.9

2.6
3.9

21.5
25.6
28.8

13.5**
20.6†

2.9

1.44 0.02
1.47

1.4
1.5
6.5

1.8
1.5

2.4
4.4
10.3

2.8
4.4

0.8

1.37 0.01
1.34

3.4
3.2
10.1

3.5
3.9

6.9
9.1
14.5

7.4
11.6*

1.1

1.37† 0.01
1.37

8.3
9.0
26.4

8.1
9.7

30.5
38.8
53.6

24.1
36.8

4.3

†, *, ** Contrast of plowed and undisturbed treatment means within main
tillage treatment are significant at the 0.10, 0.05, and 0.01 levels, respectively.
‡ Mean of experimental treatments at both Tillage A and B.
§ Mean of combined ⫹0 and ⫹45 kg N ha⫺1 samples.
¶ Standard error of the difference of the plowed and undisturbed treatment means within main tillage treatment.

Organic Carbon and Nitrogen
Soil OC content and distribution for spring-collected
samples (Table 3) differed due to plowing in the NT and
ST treatments 5 yr after plowing. Organic C contents at
the 0- to 7.5-cm depth of NT ⫹pl were lower than NT
⫺pl by 12 and 20% for ⫺N and ⫹N treatments, respectively. These results corresponded to those of 0- to
7.5-cm depth soil samples collected with the water infiltration measurements (data not shown), where the NT
⫹pl, ⫹N treatment was 22% lower in OC than the NT
⫺pl, ⫹N treatment. Declines in OC at the 0- to 7.5-cm
depth were nearly matched by OC increases at the
7.5- to 15-cm depth of 9 and 15% for these same treatments. Net change of OC due to plowing in NT in the
0- to 15-cm depth range was ⫺0.5 Mg ha⫺1 (⫺2.4%)
for the ⫺N, and ⫺1.1 Mg ha⫺1 (⫺4.6%) for the ⫹N
treatment. Soil OC of NT was unchanged by plowing
in either N treatment at the 15- to 30-cm depth. Changes
in OC in the ST treatments were similar to those of NT,
with declines of OC in surface soil and increases in the
7.5- to 15-cm and 15- to 30-cm depths. In the 0- to 30- cm
depth sampled, which includes the zone of tillage and
main plant rooting zone, there was no detectable effect
of plowing on OC levels in NT, or ST ⫹N, 5 yr after
tillage. Organic C in the ST ⫺N treatment was
1.8 Mg ha⫺1 (5%) greater in the ⫹pl compared with the
⫺pl. Plowing appears to have redistributed the OC,
which had become concentrated at the soil surface after
21 yr of NT or ST management, through the 0- to 15-cm
tillage zone, creating a more uniform OC distribution.
Changes in soil total N (Table 3) generally mirrored
those of OC, and the overall effects of the plowing
treatment in NT and ST were the same, with total N
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content of surface soil reduced, total N content of the
7.5- to 15-cm depth increased, and total N content of
the 0- to 30-cm depth remaining unchanged. These results are similar to the findings of Pierce et al. (1994)
who found that 4 to 5 yr after plowing, OC and total N
at the 0- to 5-cm depth of NT ⫹pl were lower than NT
⫺pl, but were not different at the 5- to 20-cm depths.

Bulk Density
Bulk density (Table 4) increased in ⫹pl at the 0- to
7.5-cm depth of NT, but not in the ST treatment. The
⫺pl treatments of NT and ST were different from the
continuous PL, while the ⫹pl treatments were not, indicating that soil bulk density was still affected by tillage
5 yr after it was implemented. The bulk densities found
in the NT ⫹pl and NT ⫺pl treatments are similar to
those predicted using Rawls’ (Rawls, 1983) method of
bulk density estimation based upon soil particle size
percentages and organic matter content. The increase
in bulk density at the 0- to 7.5-cm depth in the NT ⫹pl
plots can be attributed to the decrease in organic C that
had accumulated at the soil surface after 21 yr of NT
management. The trend for lower soil bulk density to
be found in long-term NT rather than in other tillage
treatments, as seen in this study, contrasts with the findings by Pierce et al. (1994), who measured greater bulk
density values in NT, reduced bulk density with conventional (PL) tillage, and no detectable residual effects on
bulk density 4 and 5 yr after plowing. This contrast may
be due to differences in soil type and organic matter
content, cropping system, and/or climate.

face soil samples, collected with the water infiltration
measurements after harvest in 1997 at Tillage B, also
differed in NO3–N content between the ⫺pl and ⫹pl
treatments of NT, with ⫺pl being 2.8 kg ha⫺1 (40%)
higher than ⫹pl (data not shown). However, in the lower
soil depths of the composite samples, there were no
differences in inorganic N with NT; and averaged over
the 0- to 30-cm depth there was no difference between
the ⫺pl and ⫹pl in either NT or ST. This suggests that
inorganic N may have been redistributed by tillage and
became less stratified at the soil surface. There were no
differences in inorganic N content between the ⫺pl and
⫹pl for the ST treatments at the 7.5- to 15-cm depth,
but the NO3–N and total inorganic N contents at the
15- to 30-cm depth were 2.5 kg ha⫺1 (20%) higher in
the ⫹N ⫹pl treatment. This may be a result of the
mineralization of organic N redistributed by plowing,
which is still detectable after 5 yr.
When measured at the 0- to 30-cm depth, the PL
treatments were higher in inorganic N than at all measured soil depths of all other treatments—at least 65%
higher in nonfertilized soil (⫺N) and at least 40% higher
in fertilized (⫹N) treatments. This may reflect higher
rates of organic N mineralization, which are known to
occur with conventional tillage (Doran, 1980; Doran
and Linn, 1994). The redistribution of organic and inorganic N may be a factor in the yield increases seen in
the ⫹pl treatments, and may be due to the placement
of plant nutrients at a greater soil depth, more accessible
to where plant roots grow when seeking water during
periods of moisture stress.

Soil pH and Electrical Conductivity
Inorganic Nitrogen
Differences in surface inorganic N (NO3–N and
NH4–N) content were apparent 5 yr after tillage. Total
inorganic N content (NO3–N ⫹ NH4–N, Table 4) of
surface soil differed between the ⫺pl and ⫹pl of the
⫹N, NT, and ST plots, with –pl being 8.0 kg ha⫺1 (36%)
higher in NT, and 5.0 kg ha⫺1 (20%) higher in ST. Sur-

Soil pH of 0- to 7.5-cm depth samples (Table 5) taken
in the NT treatments were higher in ⫹pl compared with
⫺pl, in the ⫹N treatments, and also when measured
across N levels (data not shown). There were no pH
differences due to plowing in the 7.5- to 15-cm or 15- to
30-cm depths of the NT. These results concur with the
findings of Follett and Petersen (1988) who found that

Table 5. Soil pH and electrical conductivity (EC) of composite samples collected at the Sidney, NE, long-term tillage study from the
plowed (⫹pl) and undisturbed (⫺pl) experimental plots 5 yr after inversion tillage was used for downy brome control.
0 kg N ha⫺1
Tillage treatment‡

⫺pl

45 kg N ha⫺1

⫹pl

⫺pl

⫹pl

0 kg N ha⫺1
SEd¶

pH
0- to 7.5-cm depth
No-till
Sub-till
Plow
7.5- to 15-cm depth
No-till
Sub-till
Plow
15- to 30-cm depth
No-till
Sub-till
Plow
0- to 30-cm depth
No-till
Sub-till
Plow

⫺pl
EC, dS

⫹pl

45 kg N ha⫺1
⫺pl

⫹pl

SEd¶

m ⫺1

6.30
6.65
6.91

6.53
6.85

5.85
6.30
6.87

6.38**
6.49

0.15
0.18

0.11
0.17
0.19

0.12
0.22

0.17
†0.18†
0.26

0.18

0.02

6.64
6.73
6.92

6.54
6.86

6.50
6.50
6.98

6.25
6.54

0.18

0.09
0.14
0.16

0.09
0.15

0.09
0.12
0.20

0.12
0.15

0.02

7.18
7.45
7.39

6.99
7.48

7.04
7.31
7.41

7.27
7.31

0.19

0.16
0.20
0.19

0.16
0.20

0.16
0.18
0.24

0.20
0.20

0.03

6.83
7.08
7.15

6.75
7.16

6.62
6.87
7.17

6.78
6.91

0.15

0.13
0.18
0.19

0.13
0.18

0.15
0.18
0.24

0.17
0.18

0.02

†, *, ** Contrast of plowed and undisturbed treatment means within main tillage treatment are significant at the 0.10, 0.05, and 0.01 levels, respectively.
‡ Mean of experimental treatments at both Tillage A and B.
§ Standard error of the difference of the plowed and undisturbed treatment means within main tillage treatment.
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NT management in wheat–fallow systems resulted in
lower surface soil pH compared with tilled soils, and that
the effect was greater when N fertilizers were surface
applied (broadcast). Rasmussen and Rhode (1989) also
found that soil pH was affected by tillage and N fertilizers. They concluded that differences in pH with depth
were related to the degree of soil mixing by tillage.
Less tillage often leads to lower surface pH, and greater
stratification of pH with depth. Tillage of NT plots in
this experiment increased surface soil pH and reduced
vertical pH stratification. In the ST treatment, soil pH
was not different due to plowing at any depth. The main
effect of plowing on soil pH, across both NT and ST,
was significant for the 0- to 7.5-cm depth (data not
shown), with ⫹pl being higher than ⫺pl. Both NT and
ST treatments, which leave plant residues at or near the
soil surface, were of lower pH than the PL treatments
at the 0- to 7.5-cm, 7.5- to 15-cm, and 0- to 30-cm depths.
This is consistent with studies that have shown that
inversion tillage (moldboard plowing) distributes soil
acidity throughout the tillage zone and mixes the acidified surface soil with more alkaline soil from below the
7.5-cm depth (Follett and Peterson, 1988; Rasmussen
and Rhode, 1989; Logan et al., 1991). Increases in surface soil pH due to tillage in this experiment were likely
due to the mixing of surface soil with subsurface soil
containing carbonates. Measurements of EC showed
a nonsaline soil condition (EC ⬍ 1.1 dS m⫺1) for all
treatments (Smith and Doran, 1996). Measured EC values did not reflect the inorganic N differences between
NT treatments described above. While there were no
EC differences attributable to plowing in NT at any
depth or N level, at the 0- to 7.5-cm depth of ST ⫹N,
EC was lower in ⫹pl than ⫺pl (Table 5), a difference
which was also seen in inorganic N measurements. At
the 7.5- to 15-cm and 15- to 30-cm depths of ST, there
were no differences in EC between ⫺pl and ⫹pl either
within or across N level.

Pore-size Distribution
Differences seen in the bulk density of surface samples between NT ⫺pl and NT ⫹pl were not seen in the
pore-size distribution (PSD) cores, where no differences
in bulk density or PSD index were found (Table 6). This
may be due to the cores being sampled across the 2.5- to
10-cm depth, thus, excluding the top 0- to 2.5-cm interTable 6. In-field water infiltration and pore-size distribution index () with soil bulk density for intact soil cores (2.5 to 10cm depth) collected from the Sidney, NE, long-term tillage plots
5 yr after inversion tillage was used for downy brome control.
Infiltration time

Tillage
treatment†

Bulk
density

Pore-size
distribution
index

1st
2.5 cm H2O

NT-pl
NT⫹pl
PL
SEd§

g cm⫺3
1.25a‡
1.24a
1.26a
0.038


0.147a
0.150a
0.155a
0.010

5.5a
3.4a
5.5a
1.62

2nd
2.5 cm H2O
min
12.9b
27.8a
21.7ab
8.46

† NT ⫺pl ⫽ no-till, undisturbed; NT ⫹pl ⫽ no-till, plowed; PL ⫽ continuous plow; all measurements taken from ⫹45 kg N ha⫺1 treatments.
‡ Values followed by the same letter within each column are not significantly different ( ⫽ 0.10).
§ Standard error of the difference between treatment means.

val, which in NT has the greatest accumulation of organic matter. Rawls (1983) correlated soil organic matter content inversely with bulk density, thus the 2.5- to
10-cm depth range missed the surface interval, which
showed a decrease in OC content in the NT ⫹pl, and
a corresponding increase in soil bulk density. Pore-size
distribution of NT ⫹pl appears to have returned to its
pre-plowed condition, as indicated by the similarity of
the ⫺pl and ⫹pl  values. Using the PSD index as an
indicator, it appears there is no detectable effect of
plowing on soil structure 5 yr after return to NT management.

Water Infiltration
No differences were seen in infiltration times for the
first 2.5 cm of applied water (Table 6). Infiltration times
for the second 2.5 cm of applied water were faster for
the NT ⫺pl than for the NT ⫹pl or the continuous PL
treatments. The NT ⫹pl and PL treatment infiltration
times were nearly double that of the NT ⫺pl. However,
the average total infiltration time of 31.2 min for 5.1 cm
of water measured in the NT ⫹pl treatments would not
likely lead to any frequent or consistent rainfall losses
to surface runoff or to soil erosion due to water forces,
since the climatic records for the site (Hershfield, 1961)
indicate that a 5.1-cm rainfall in 30 min would occur
just once every 50 yr, and such an event in 1 h could be
expected about once every 20 yr. Soil water infiltration
times for the two 2.5-cm increments of applied water
combined convert to infiltration rates of 96 and 110 mm
hr⫺1 in the NT ⫹pl and PL treatments, respectively, and
163 mm hr⫺1 in the NT ⫺pl treatment. Even though the
NT ⫹pl infiltration rate is 67 mm hr⫺1 (41%) less than
NT ⫹pl, given considerations of local climate and precipitation patterns it appears that tillage effects on the
water infiltration rate will not be a consistent limiting
factor to rainfall retention by this soil in these cropping
systems. These results agree with those of Mielke et al.
(1984) who found similar infiltration relationships at
this same site.

CONCLUSIONS
Soil quality indicators measured 5 yr after tillage
showed detectable changes in content and distribution
of organic matter, pH, and plant nutrients, which may
benefit plant growth and grain yield. Soil pore-size distribution index measurements indicated no differences
in soil structure or bulk density in the near-surface soil,
suggesting that the method of determining the PSD
index was not sensitive enough to detect differences in
this system. Water infiltration times indicated that the
NT ⫹pl treatment was still affected by tillage after 5 yr.
Even though infiltration times were slower in the NT
⫹pl, long-term climatic records indicate that surface
runoff of precipitation could be expected to occur only
once in 20 yr or more, indicating no significant loss of
water to runoff or of soil erosion by water transport.
Results of this study showed that OC in surface soil was
redistributed within the top 30 cm of the soil profile by
plowing. While declines in OC at the 0- to 7.5-cm depth
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were as high as 20% in NT, OC levels in the 7.5- to
15-cm depth were increased, and in the 0- to 30-cm
depth were not different 5 yr after tillage. Despite the
reduction in OC and total N in the surface soil, soil
quality in the 0- to 30-cm depth would appear to be
unchanged or improved by the redistribution of surface
accumulations of the soil organic matter throughout the
tillage zone. The redistribution of soil organic matter
may have provided some short-term soil quality benefits, as evidenced by increased yields in the plowed treatments in each of the succeeding three crops. Though
some of the yield increase in the plowed plots may be
attributed to decreased competition from downy brome,
the yield increase in ST, where there were no differences
in downy brome plant density, must be due to changes
in soil wrought by plowing.
Inclusion of intermittent plowing or tillage rotation
to control annual grass in conservation-tillage wheat–
fallow systems may have mixed effects upon soil quality
and system sustainability. Positive affects of plowing
included greatly reduced downy brome population, an
increase in grain yield, reduced stratification of soil inorganic N, increased inorganic N mineralized at the 7.5to 15-cm and 15- to 30-cm depths, and increased surface
soil pH. Surface soil quality as related to surface residue
cover and organic matter concentrations appear to be
negatively affected by implementing inversion tillage
on the NT and ST systems. In the Pacific Northwest
winter wheat–growing region, Zuzel et al. (1990) found
that surface residue cover had a greater effect on the
soil water infiltration rate than did type of tillage management (plow, sweep, or disk).
The moldboard plow should be used with caution.
Even though some short-term benefits were seen in
this study, extensive literature exists documenting the
deleterious and potentially disastrous effects of its overuse on soil quality. Tillage causes loss of soil water in
the tillage zone, and loss of surface cover leaves the soil
bare in the year of tillage, possibly resulting in loss of
soil to wind or water erosion. However, the soil exposure
to erosive environmental elements is less with tillage
rotation than with annual tillage.
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Mechanisms of Residue Mulch-Induced Cereal Growth Increases in West Africa1
Andreas Buerkert,* André Bationo, and Komlan Dossa
ABSTRACT
The use of crop residues (CR) has been widely reported as a means
of increasing crop yields across West Africa. However, little has been
done to compare the magnitude and mechanisms of CR effects systematically in the different agro-ecological zones of the region. To this
end, a series of field trials with millet (Pennisetum glaucum L.),
sorghum [Sorghum bicolor (L.) Moench], and maize (Zea mays L.)
was conducted over a 4-yr period in the Sahelian, Sudanian, and
Guinean zones of West Africa. Soils ranged in pH from 4.1 to 5.4
along a rainfall gradient from 510 to 1300 mm. Treatments in the
factorial experiments were three CR rates (0, 500, and 2000 kg ha⫺1)
and several levels of phosphorus and nitrogen. The results showed
CR-induced total dry matter (TDM) increases in cereals up to 73%
for the Sahel compared with a maximum of 16% in the wetter Sudanian and Guinean zones. Residue effects on weakly buffered Sahelian soils were due to improved P availability and to a protection of
seedlings against wind erosion. Additional effects of CR mulching on
topsoil properties in the Sahel were a decrease in peak temperatures
by 4 ⴗC and increased water availability. These mulch effects on soil
chemical and physical properties strongly decreased from North to
South. Likely explanations for this decrease are the decline of dust
deposition and wind erosion hazards, the higher soil clay content,
lower air temperature, and a faster decomposition rate of mulch material with increasing rainfall from the Sahel to the Sudanian and Guinean zones.

L

ow availability of mineral nutrients severely limits
primary production and particularly crop growth
on acid, sandy soils in sub-Saharan West Africa above
300 mm of annual rainfall (Penning de Vries and van
Keulen, 1982; Bationo and Mokwunye, 1991). Given
the low clay contents in West African soils and that
kaolinite is the dominant clay mineral, soil cation exchange capacity (CEC) mainly depends on the organic
carbon content of the topsoil. The current fertility status
of these soils may be explained by a number of factors:
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age and origin of the soils, leaching, soil erosion by wind
and water, short fallow periods, and continued nutrient
mining of cropped fields (Stoorvogel and Smaling,
1994).
Under these conditions, application of mineral N and
P fertilizers and even crop residues (CR) surface applied
at 2000 kg ha⫺1 yr⫺1 have been reported to cause large
yield increases in pearl millet across the southern Sahel
(Bationo and Mokwunye, 1991; Bationo et al., 1992,
1993, 1995). For the sub-humid rainforest zones of West
Africa with a bimodal annual precipitation of up to
1600 mm, many studies have documented changes in
physical and chemical soil parameters as causes for
mulch-induced crop growth increases (De Vleeschauwer et al., 1978, 1980; Lal et al., 1980; Maurya and
Lal, 1981). However, most of this research was conducted in western Nigeria on moderately sloping Paleustalfs or Luvisols of pH ⬎ 6. Furthermore, excessive rates
of mulch application of up to 24 Mg ha⫺1 yr⫺1 were
used. For the inner part of West Africa, the northern
Guinean, the Sudanian, and the southern Sahelian
zones, where annual average rainfall declines from 1300
to 300 mm and total biomass production is much lower,
the causes of CR effects on crop growth and their declining magnitude from North to South are still poorly understood (Bationo et al., 1995). For the Sahel, with its
many crust prone sandy soils (Hoogmoed and Stroosnijder, 1984; Valentin and Bresson, 1992), most reported
data come from a very limited zone with rainfall ranging
between 500 and 600 mm. For this area, mulch effects
have been attributed to increased P availability
(Kretzschmar et al., 1991), more vigorous root development (Hafner et al., 1993b), enhanced potassium (K)
nutrition (Rebafka et al., 1994), protection of young
seedlings against soil coverage during sand storms (Michels et al., 1995b), and a decrease in the penetration
resistance of the soil surface that affect emergence and
root growth of seedlings (Buerkert and Stern, 1995).
1
Dedicated to Horst Marschner and his commitment to processoriented soil fertility research in West Africa.

Abbreviations: CAN, calcium ammonium nitrate; CEC, effective cation exchange capacity; CR, crop residues as cereal stover; DAS, days
after sowing; NPK, 15-15-15 mineral fertilizer with 15% N, 15% P2O5,
and 15% K2O; SSP, single superphosphate; TDM, total dry matter;
TRP, Tahoua rock phosphate.

